on Tyr-317, a residue remote to both the PTB and SH2 domains. Shc phosphorylation plays a pivotal role in the initiation of mitogenic signaling through the Ras/Raf/ MEK/ERK pathway, but it is unclear if Tyr-317 phosphorylation affects Shc-receptor interactions through the PTB and SH2 domains. To investigate the structural impact of Shc phosphorylation, molecular dynamics simulations were carried out using special-purpose Molecular Dynamics Machine-Grape computers. After a 1-nanosecond equilibration, atomic motions in the structures of unphosphorylated Shc and Shc phosphorylated on Tyr-317 were calculated during a 2-nanosecond period. The results reveal larger phosphotyrosine-binding domain fluctuations and more structural flexibility of unphosphorylated Shc compared with phosphorylated Shc. Collective motions between the PTB-SH2, PTB-CH, and CH-SH2 domains were highly correlated only in unphosphorylated Shc. Dramatic changes in domain coupling and structural rigidity, induced by Tyr-317 phosphorylation, may alter Shc function, bringing about marked differences in the association of unphosphorylated and phosphorylated Shc with its numerous partners, including activated membrane receptors.
The Src homology and collagen domain protein (Shc) 1 is an adaptor protein that plays a pivotal role in the signal transfer from receptor tyrosine kinases (RTK) to downstream signaling pathways regulating cell survival, proliferation, and differentiation (1) . After ligand-induced autophosphorylation, RTKs bind and phosphorylate Shc on selected tyrosine residues. The Shc protein consists of an amino-terminal phosphotyrosinebinding (PTB) domain, a central collagen-homology (CH) region, which contains the major site of tyrosine phosphorylation at Tyr-317 and a carboxyl-terminal Src homology 2 (SH2) domain (2) . Phosphorylation of Tyr-317 results in the formation of a docking site for other signaling proteins, e.g. growth factor receptor binding protein 2 (Grb2).
Current paradigms for signal transduction emphasize that large adaptor proteins, such as Shc, are organized as "beads on a string." A single bead is a domain, ranging in size from 50 to 120 amino acids; they are responsible for particular interactions with other proteins or phospholipids (3) . A signaling protein containing several domains can simultaneously associate with two or more binding partners. For example, an adaptor protein can bind to RTKs using an SH2 or PTB domain and associate with a signaling partner by means of another domain. It may appear at first that the modular structure underlying signaling interactions implies that the phosphorylation of residues located outside specialized binding domains should not affect the structural flexibility and intramolecular motions of these domains. Consequently, it should not influence the interactions with partner proteins. For instance, the amino acid sequence of Shc indicates that Tyr-317 is located 110 residues away from the PTB domain and 53 residues away from the SH2 region. Accordingly, binding of Shc to RTKs is thought to be independent of the phosphorylation state of Tyr-317.
Another view suggests that, although in a linear sequence of amino acids, phosphorylated tyrosine residues are located at a distance from specialized binding regions, three-dimensional protein structures can fold and move in such a way that negative charges of phosphorylated residues may well influence domain motions and binding interactions. In fact, our kinetic model of the epidermal growth factor receptor (EGFR) signaling network predicted that the phosphorylation of Tyr-317 reduces the affinity of Shc for EGFR and facilitates the dissociation of Shc from the receptor (4, 5) . Furthermore, the affinity of the PTB domain-mediated binding of Shc for protein phosphatase 2A was reported to decrease upon phosphorylation of Tyr-317, thus providing another example of the potential influence of the phosphorylation state of distant residues upon binding affinities (6, 7) .
The question arises of how the phosphorylation of a single residue on a large adaptor protein can change the dynamics of motion of its domains involved in binding interactions. The present paper addresses this question for the phosphorylation of Tyr-317 on the full-length p52 Shc using molecular dynamics (MD) simulations. MD is the most commonly used and convenient method to provide information on protein dynamics (8) . It allows for reconstruction of the temporal evolution of a molecular system at high resolution, as it occurs in its natural environment. A special-purpose computer for MD, the Molecular Dynamics Machine (MDM), can calculate large-scale, longrange interactions (van der Waals and Coulomb) with high speed and accuracy (9 -12) . The full-length p52 Shc used in this study comprises 458 amino acids, and the system of fully solvated full-length Shc includes over 130,000 atoms. The tremendous computational cost makes it difficult if not impossible to carry out MD simulations using conventional computers. In this paper, we performed a series of MD simulations of the full-length unphosphorylated (Y317-Shc) and phosphorylated Shc (pY317-Shc). To characterize the domain motions and to facilitate comparison between trajectories, we used principal component analysis (PCA) (13) (14) (15) and analyzed the dynamic cross-correlation (DCC) between each domain of Shc. Using the MDM, we found that Tyr-317 phosphorylation significantly affects Shc domain motions and decreases the flexibility of the PTB and SH2 domains, which may reduce the capacity of these domains to interact productively with Shc binding partners.
MATERIALS AND METHODS
Homology Modeling of the Full-length Shc Structure-The threedimensional structure of full-length p52 Shc was modeled by using two experimentally determined structures of PTB (16) and SH2 (17) domains of Shc as templates (Protein Data Bank accession codes 1SHC and 1TCE, respectively). We mapped the target sequence of p52 Shc onto those modeling templates using integrated sequence alignment tools and structural superposition algorithms of the DeepView (Swiss PDB-Viewer) program. Then the initial sequence alignment was optimized manually and submitted to the SWISS-MODEL server for model building (18, 19) .
The resulting protein model (residues 17-474) was further improved by performing a 5000-step energy minimization in vacuum. After the initial energy-minimization, each backbone atom of the modeled structure of full-length unphosphorylated Shc was placed at a center of a sphere of transferable intermolecular potential function for 3-point charge model (TIP3P, see Ref. 20) of water molecules (total number of atoms ϭ 133,393). The size of each sphere was chosen so that the distance of the atoms in the protein from the wall was greater than 15.0 Å. The fully solvated system was energy-minimized using 100 steps of steepest descent followed by 4900 steps of conjugate gradient method.
Molecular Dynamics-All MD simulations were carried out using the modified AMBER version 6.0 (21) for MDM on a personal computer (Athlon 1.6 GHz) equipped with two MDGrape-2 boards (32 chips; 512 Gflops; Ref. 9) , which is the main component of the MDM. Parm96, which is a parameter set for molecular mechanical force fields used for simulations of biomolecules (22), was adopted and the time step was set at 1 fs. All non-covalent interactions, van der Waals and Coulomb forces and energies, were calculated by using the MDM. The bond lengths involving hydrogen atoms were constrained to equilibrium length by the SHAKE method (23) . The temperature of the system (unphosphorylated Shc) was gradually heated to 300 K during the first 100-ps period. Then the temperature was kept constant by coupling to a temperature bath at 300 K with a coupling constant of 2 ps (24) . For equilibrating the system of unphosphorylated Shc, an additional 900-ps MD simulation was performed at 300 K (total of 1-ns MD simulation for the equilibration).
Production Runs-We used two structural models as initial structures for production runs: (i) equilibrated unphosphorylated Shc obtained by a 1-ns pre-MD simulation, and (ii) phosphorylated Shc, where Tyr-317 was phosphorylated to yield pY317-Shc, based on the equilibrated structure. Partial phosphotyrosine charges, which are not included in the standard parameter set (22) , were calculated by using RHF/6 -31*G single-point calculation with Gaussian 98 (Gaussian, Inc.) and the restrained electrostatic potential (RESP) method (25) . 2-ns production runs were performed for these two models using the procedures described above (see "Molecular Dynamics" section under "Materials and Methods").
Analyses-After removal of rotational and translational motion, each trajectory was subjected to PCA using a mass-weighted positional covariance matrix, A. All backbone heavy atoms were used in the least square fitting procedure to remove the overall transition and rotations. In Cartesian coordinate space, an element of the mass-weighted positional covariance matrix A, a ij , is defined as
where ͗ ͘ is the average over the instantaneous structures sampled during the period of production MD simulation, and x is a massweighted atomic coordinate. Diagonalization of A provides the eigenvectors that describe the dynamics of motions of the structures, and the associated eigenvalues may be interpreted as weights describing the degree to which each mode contributes to the full dynamics. The first two principal modes of each trajectory describing collective motions with the largest amplitudes were extracted to analyze for domain dynamics (these two modes contributed more than 60% to the total massweighted mean-square fluctuations of the protein).
The dynamic cross-correlation coefficient (C ij ) between residues i and j was calculated for the centers of mass of the residues by the following equation (Refs. 26, 27)
where ⌬r i ( j ) is displacement of the residue i (j) from its average position and ͗ ͘ denotes the time average. The value of C ij can vary from Ϫ1, meaning a completely anti-correlated motion, to ϩ1, corresponding to a completely correlated motion.
RESULTS
We describe MD simulations of domain motions in fulllength unphosphorylated and phosphorylated Shc on a nanosecond (ns) time scale. After phosphorylation of Shc on Tyr-317, the flexibility of the protein to undergo conformation transitions may change because of the effect of the negative charge of the pY317. However, in this study, the simulated time scales are too short to observe such conformational changes. Therefore, we compared domain dynamics obtained by MD simulations to identify how Shc structural domain motions are influenced by the phosphorylation of Tyr-317.
Overall Structure-To test the stability and equilibrate the initial Shc structure obtained by homology modeling, we carried out a 1-ns MD simulation. As a result, the initial conformation was improved, yielding a root-mean-square (RMS) deviation from the initial model of 5 Å. Most of this adjustment occurred in the early phase of the equilibration, and after 0.5 ns, there was very little additional drift in the structure, with the remaining change in the RMS deviation of Ϯ 0.5 Å. The modeled and equilibrated Shc structures are shown in Fig. 1 . Almost all large structural changes were observed in loop regions, and the relative abundance of various secondary structure types remained unchanged during the 1-ns MD simulation. These simulations indicate that the full-length Shc structure obtained by homology modeling was satisfactory, and the extent of the equilibration of the initial structure was sufficient.
After carrying out MD simulations for the Shc structure equilibration, we performed production MD simulations of unphosphorylated and phosphorylated Shc for 2.0 ns. Fig. 2A shows the time courses of the RMS deviations of backbone heavy atoms during the production runs. Both the Y317-Shc and pY317-Shc structures were stable during the 1.3 to 2.0-ns period. Unexpectedly, the RMS deviation for unphosphorylated Shc gradually increased in the first 1.0-ns period. During 2.0-ns production runs, several regions with large positional displacement were observed (Fig. 2B) . All of these regions were loop regions. The positional displacement of residues 45-71, 137-151, and 166 -188 in the PTB domain, residues 256 -264 and 273-279 in the CH domain, and residues 403-430 in the SH2 domain showed marked differences between unphosphorylated Shc and pY317-Shc (Figs. 2B and 3) . Importantly, in the PTB domain, the residues Arg-67, Ser-151, Lys-169, and Arg-175, and in the SH2 domain Arg-386, Arg-401, Val-411, and His-422 (all of which showed large displacement changes) have been reported to be binding sites for phosphotyrosyl peptides ( Fig. 3; Refs. 16 and 17) . Thus, our results demonstrate marked alterations in the movements of these binding regions, induced by Tyr-317 phosphorylation. These differences are likely to play a significant role in interactions of various proteins with Shc, resulting in changes in the expected binding affinities. Not surprisingly, the 2-ns simulation period seems to be too short to see phosphorylation-induced changes in the overall Shc structures. As shown in Fig. 4 , no large structural difference is observed between the averaged unphosphorylated and pY317-Shc structures over 2-ns trajectories.
Shc Protein Dynamics-The dynamics of a three-dimensional structure has important implications for protein function. The RMS fluctuations of unphosphorylated and pY317-Shc residues averaged over the simulated trajectories are shown in Fig. 5 . Almost all peaks corresponded to loop regions. The calculated RMS fluctuations showed higher magnitudes in the unphosphorylated Shc structures, especially in the PTB domain. These results suggest that the PTB domain is flexible in unphosphorylated Shc but is a relatively rigid structure in pY317-Shc. The smaller flexibility of pY317-Shc may reflect the predicted reduction in the binding affinity for EGFR, resulting in the dissociation from the receptor after Shc tyrosine phosphorylation (4, 5) .
Large fluctuations of residues 310 -330, including Tyr-317, are observed in unphosphorylated Shc, whereas fluctuations of these residues are significantly smaller in pY317-Shc (Fig. 5) . After the phosphorylation of Tyr-317, Shc is activated to bind to Grb2 through pY317. Given that the binding region (residues 310 -330 on Shc) is exposed to the solvent, large fluctuations are reasonable in unphosphorylated Shc and are expected to prevent the binding of Grb2 to this region. The RMS fluctuations of residues 361-383 in unphosphorylated Shc and pY317-Shc also display a marked difference (Fig. 5) . These residues seem to be close to the SH2 domain binding site for a phospho- 6 shows the MD trajectories projected onto the plane defined by the first two principal components. For unphosphorylated Shc, two structural clusters are clearly visible, indicating that conformations can jump over the lower energy barrier of the conformational energy surface. By contrast, for pY317-Shc, such jumps were not observed, indicating that the free energy barriers became higher as a result of phosphorylation at Tyr-317. Combining this fact with the data on the RMS fluctuation, we conclude that the pY317-Shc structure shows less flexibility and higher rigidity than the structure of unphosphorylated Shc. The dynamic properties of the first principal mode, calculated using PCA (Fig. 7A) , demonstrated that each domain motion of unphosphorylated Shc was correlated. However, for pY317-Shc, the motion of the CH domain independently contributed to fluctuations of the whole protein, and the PTB and SH2 domains showed smaller amplitudes of dynamic motions in the first principal mode.
Dynamic domain analysis and hinge-bending study of unphosphorylated and pY317-Shc were performed using the program DynDom (14, 28). The initial (first equilibrated) and averaged (during the production runs) structures were used as input for the DynDom program. In the case of unphosphorylated Shc, the PTB domain was recognized as a dynamic domain, and bending residues (residues 215-216) were found in the CH domain (Fig. 7B) . On the contrary, for pY317-Shc, the PTB, CH, and SH2 domains were not detected as dynamic domains, and the long loop region in the PTB domain moved as a dynamic domain (Fig. 7B) . These findings indicate that domain motions are reduced by the phosphorylation of Tyr-317, which is consistent with the results of the first principal mode analysis (Fig. 7A) . The reduction of domain motions revealed by simulations may be essential for the overall effect of phosphorylation of Tyr-317.
A DCC map illustrates domain communications in the protein dynamics (26, 27) . The DCC maps of Fig. 8 show crosscorrelations between each domain in the Shc protein (PTB, CH, and SH2). On the whole, all interdomain motions were highly correlated in unphosphorylated Shc (Fig. 8, left column) , but those correlations were reduced in pY317-Shc (Fig. 8, right  column) . Notably, the considerable differences of the domain motions (communications) are caused by the effect of the phosphorylation at a single residue (Tyr-317). Interestingly, in unphosphorylated Shc, the region around Tyr-317 (residues 310 -330) in the CH domain positively correlated with hinge residues (215-216) and SH2 domain residues (middle and bottom of left column in Fig. 8, respectively) . These positive dynamic correlations were weak for pY317-Shc, as compared with unphosphorylated Shc (middle and bottom of right column in Fig. 8) . From the analyses of the domain motion and DCC maps, it is suggested that reduction of the dynamic correlation between residues 310 -330 and SH2 domain/hinge residues reflects uncoupling of motions between each of the domains after phosphorylation of pY317, and fluctuations of individual domains are also reduced.
DISCUSSION
The adapter protein Shc is a critical mediator of signals derived from RTKs. Through its PTB and SH2 domains, cytoplasmic Shc binds to phosphorylated tyrosine residues on a variety of activated RTKs. Subsequently, Shc is phosphorylated by RTKs on tyrosine residues 239, 240, and 317 in the CH region. Tyr-317 forms a major binding site for Grb2, whereas the two other tyrosine residues are dispensable, as shown by mutation studies (29 -31) . Binding of Grb2 is followed by the recruitment of cytoplasmic SOS (a homolog of the Drosophila melanogaster Son of sevenless) into the RTK-Shc-Grb2 complex (or the cytoplasmic Grb2-SOS complex can bind to the RTK-Shc complex) (1, 32, 33) . The guanine nucleotide exchange factor SOS catalyzes the conversion of Ras from its inactive Ras-GDP form to the active Ras-GTP form, which activates the signaling through the Ras/Raf/MEK/ERK cascade. Numerous studies have shown that the spatial localization of SOS (in this case as a component of the Shc-Grb2-SOS complex) in the cell is crucial for the effective activation of the membrane-anchored Ras (Ref. 34 ; for a review, see Ref. 35) .
The pY317-Shc-Grb2-SOS complex can be either associated with RTK in close vicinity to the plasma membrane or distributed through the cell cytoplasm after pY317-Shc dissociates from RTKs. In a linear sequence of Shc residues, Tyr-317 is remote from the PTB and SH2 domains that flank the CH region from two different sides. Even in the folded protein, pY317 is at a considerable distance from the binding regions in the PTB and SH2 domains (Fig. 1) . Therefore, it is not clear whether or how the phosphorylation of Tyr-317 affects the association of Shc with RTKs and other proteins through the PTB and SH2 domains of Shc. To investigate the impact of Tyr-317 phosphorylation on structural factors that would influence the binding capacity of Shc, MD simulations of the unphosphorylated and pY317-Shc structures were carried out. The simulated systems of fully solvated unphosphorylated and pY317-Shc molecules included over 130,000 atoms. The MDM, a special-purpose computer for MD, was well suited to perform these large-scale simulations, as it could accurately calculate large numbers of non-covalent interactions at high speed. Thus, the MDM is expected to become the tool of choice for large-scale MD simulations of biomolecules.
Our simulations reveal significantly larger fluctuations of 
, where R j is the position of residue j, and ͗ ͘ denotes the time average. Black line, unphosphorylated Shc; red line, pY317-Shc.
PTB domain residues of unphosphorylated Shc, implying a higher flexibility of that domain in Y317-Shc than in pY317-Shc. This domain flexibility is an important prerequisite for the induction of a proper fit to a binding partner, such as the activated receptor. Interestingly, the positional displacement of several regions comprising the binding sites for phosphotyrosyl peptides showed marked differences between Y317-Shc and pY317-Shc (Figs. 2B and 3) . Collective motions between the PTB-SH2, PTB-CH, and CH-SH2 domains of unphosphorylated Shc were highly correlated, whereas no significant correlation was observed for pY317-Shc (Fig. 8) . The results indicate that the domain motions of unphosphorylated Shc are tightly coupled by the interdomain interactions; the phosphorylation of Tyr-317 clamps interdomain interactions, so that domain coupling is reduced.
Because in the folded protein, the distance between pY317 and the PTB and SH2 residues, which are responsible for the binding of phosphotyrosyl peptides on RTKs, is greater than 35 Å (PTB domain) and 11 Å (SH2 domain), respectively, the effect of Tyr-317 phosphorylation is not a result of a direct interaction of pY317 with the binding regions but rather is a consequence of the changes in the flexibility of the CH linker region. Hence, flexibility in the CH domain is required to maintain protein domain coupling and motility. These findings are in agreement with an earlier suggestion that the CH domain may play an unexplained role in regulating the binding by means of the PTB or SH2 domain, based on the observation that the PTBϩCH and CHϩSH2 domain fusion proteins appear to bind better to their respective targets than the PTB and SH2 domains by themselves (36) .
In summary, the data presented here, including the observed RMS fluctuations and the RMS deviations between the timeaveraged and equilibrated structures, demonstrate that 
